Available online 19 February 2016 We examine how the interferon production of plasmacytoid dendritic cells is amplified by the self-assembly of liquid-crystalline antimicrobial peptide/DNA complexes. These specialized dendritic cells are important for host defense because they quickly release large quantities of type I interferons in response to infection. However, their aberrant activation is also correlated with autoimmune diseases such as psoriasis and lupus. In this review, we will describe how polyelectrolyte self-assembly and the statistical mechanics of multivalent interactions contribute to this process. In a more general compass, we provide an interesting conceptual corrective to the common notion in molecular biology of a dichotomy between specific interactions and non-specific interactions, and show examples where one can construct exquisitely specific interactions using non-specific interactions.
1.
Organization 
Organization of review
In recent work, we found that electrostatic complexes formed between anionic DNA and cationic antimicrobial peptides can greatly amplify interferon production of plasmacytoid dendritic cells (pDCs) via Toll-like receptor binding [1, 2] . This is a problem in immunology that is usually not associated with physics but can benefit from some of the recent insights derived from polyelectrolyte physics and from the statistical mechanics of multivalent interactions. This unexpected point of contact between immunology and soft matter physics can potentially impact biomedical problems as diverse as anti-inflammatory strategies and autoimmune diseases. We first describe the immunology of Toll-like receptors, then summarize the work on how liquidcrystalline DNA complexes activate pDCs and finally conclude with a review of useful biophysical concepts from multivalent binding and polyelectrolyte self-assembly. We stress that this review is not meant to be a comprehensive review of innate immunity. Rather, we try to convey in a relatively compact format the informing context important for understanding interactions between DNA and TLR9.
A short introduction to Toll-like receptors in innate immunity

Innate immunity, cytokines, and type I interferons
In the context of this review, it is helpful to tell the story backwards, starting with innate immunity. The innate immune system consists of a variety of broadly non-specific effector cells and molecules, which include the complement system, antimicrobial peptides, neutrophils, dendritic cells, and macrophages. This is distinct from the adaptive immune system which relies on the memory and hyperspecificity of antibody-producing B cells and antigen-recognizing T cells. The innate immune system can sense common pathogen-associated molecular patterns (PAMPs) characteristic of infectious organisms, directly attack invading microbes, and also direct the adaptive immune system to mount a more precise response. The innate immune system can do this by inducing the secretion of the class of signaling molecules known as cytokines. Cytokines are small proteins that mediate cellcell signaling in the immune system. Type I interferons (IFNs) are a subtype of cytokines that were initially described as important for anti-viral defense [3] . However, we now recognize that the function of interferons is much more general, and that other infectious agents can also induce type I IFN production. For example, type I IFNs play an important part in host defense against many bacterial infections. There are two components to type I IFN signaling-the first is gene induction and release of the cytokine and the second is binding of the cytokine to a type I IFN receptor and its activation, leading to type I IFN gene activation and downstream orchestration of immunity. (There are over 400 known interferon stimulated genes.) In addition to host defense, type I IFNs also contribute to maintenance of the hematopoietic stem cell niche, are relevant in certain cancers, and play pivotal roles in many autoimmune disorders.
Innate immune receptors
The next natural question to ask is how IFNs are produced. There are multiple classes of innate receptors that sense foreign molecules and lead to production of type I IFN. These include members of the Tolllike receptor (TLR) family, the NOD-like receptor (NLR) family, the RIG-I-like receptor (RLR) family, and other inflammasome-associated cytosolic receptors. Together these receptors enforce immune surveillance against various microbes. Different classes of innate immune receptors can be activated by specific microbial ligands, but generally type I IFNs are produced in response to nucleic acids (both microbial and self in origin). These nucleic acids are detected in the phagosomal or endosomal lumen or cytosol of innate immune cells of the myeloid lineage (macrophages, dendritic cells, and neutrophils). Once activated by microbial ligands, a family of IFN specific transcription factors known as interferon response factors (IRFs) are induced [3] . For example, upon receptor activation, IRF3 binds to the IFN-β gene, promoting transcription and translation of the gene and ultimately secretion of IFN-β. Secreted IFN-β binds to and activates the type I IFN receptor present on various cells involved in immunity. This last binding event in turn leads to a series of downstream events: formation of the ISFG3 (interferon stimulated factor gene 3) complex, its translocation to the nucleus and binding to ISRE (interferon stimulated response element) sites, and finally the activation of hundreds of interferon stimulated genes (ISGs) [3] .
Toll-like receptors that induce type I IFN
In this review, we focus on the TLR family of innate immune receptors, which detects pathogens in the extracellular space or inside phagosomes or endosomes. The TLRs that induce type I IFNs include TLR2, TLR3, TLR4, TLR 7/8, TLR9, and TLR13 [4, 5] . These receptors sense viral and bacterial ligands and in turn induce type I IFN immune responses. TLR2 and TLR4 bind to non-nucleic acid ligands to induce type I IFNs (TLR2 to bacterial lipoproteins, TLR4 to bacterial LPS (lipopolysaccharide)). Nucleic acids activate TLR3, TLR7/8, and TLR9. TLR3 binds dsRNA and can thereby function as a viral sensor. TLR7/8 binds to ssRNA, and TLR9 binds to CpG DNA.
TLR9
Of particular interest to us is the DNA-recognizing TLR9. TLR9 is expressed in multiple cell types, including plasmacytoid dendritic cells (pDCs), which are specialized dendritic cells present in the blood stream that can rapidly release large quantities of type I IFN. In pDCs, DNA within endosomes can activate TLR9, which leads to signaling via adaptor proteins MyD88 and TNF receptor associated factor 6 (TRAF6). This in turn causes large pre-made quantities of IRF7 (which is unique for this cell type) to dimerize, translocate to the nucleus, and initiate transcription of type I IFN genes [5] . In contrast to other innate immune cells, pDCs can quickly release large quantities of IFN-α because they are not dependent on induction of IFN-β and subsequent production of IRF7 before IFN-α production. For this reason, pDCs are crucially important during infection, especially system infections where microbes have gained access to the blood stream. However, when employed by mistake, they can have devastating effects in the form of autoimmune diseases, such as psoriasis and lupus [6] .
TLR9 activation by polycation-DNA complexes
During an infection, microbial or viral DNA is taken up by pDCs into endosomes triggering IFNα production via the binding of unmethylated CpG motifs to TLR9 expressed in these endosomes. Normally, host-derived self-DNA does not elicit this response because it has limited access to intracellular compartments [7] , but self-DNA released as a result of cell death can still bind to TLR9 receptors via its sugar-phosphate backbone [8] . In psoriasis, a breakdown of host segregation of self-DNA and TLR9 is hypothesized, and a pattern of aberrant IFNα results. Another characteristic of psoriasis is the excessive production of antimicrobial peptides (AMPs) [9] [10] [11] [12] . Recently it was shown that self-nucleic acids can form complexes with the cationic antimicrobial peptide LL37 [2] . LL37 allows pDCs to recognize self-DNA through TLR9, potently activating the pDCs to over-produce type I interferons (IFN) and exacerbate the disease [13] . Interestingly, it has also been recently demonstrated that self-DNA complexed with cationic amyloid fibrils can activate autoimmunity. These effects may be related to the paradigm we present here and potentially have relevance to autoimmune neurodegenerative diseases [14] .
Recently, other antimicrobial peptides, including human defensins HBD2 and HBD36, and several chromatin-derived proteins, have also been found to self-assemble with DNA and promote TLR9 binding [15] and activation [16, 17] , similar to LL37. These results raised new questions about the mechanism of immune activation through TLR9. The process of complex formation can in principle confer resistance to enzymatic degradation of self-DNA by nucleases [18] , thus allowing TLR9 to bind to DNA inside the endosome. However, endosomal access alone does not appear to be sufficient for activation in pDCs since many other peptides complexed with DNA are unable to activate TLR9. At this level of description, the selection criteria for TLR9 activation by DNA complexes are not well understood.
Liquid-crystalline ordering of antimicrobial peptide-DNA complexes and its relation to TLR9 activation
Since different cationic peptides (including antimicrobial peptides (AMPs)) can form electrostatic complexes with DNA, but with different outcomes in terms of pDC activation, it is sensible to solve the structures of these complexes using small angle X-ray scattering (SAXS). Once these structures are known, then we will be in a position to address two questions relevant to the differential pDC activation: (1) Do these different self-assembled structures lead to different cell entry mechanisms and thereby different levels of endosomal access? (2) Do differences in self-assembled structures interact differently with TLR9 receptors once endosomal access is achieved?
The relationship between pDC activation and the structure of DNA complexes can be roughly assessed by comparing three prototypical examples of DNA-peptide complexes. HIV TAT is a cell-penetrating peptide that can translocate across membranes [19] and therefore has endosomal access. However, the incubation of pDCs with TAT-DNA complexes does not produce significant levels of IFN-α in pDCs ( Fig. 1) . Furthermore, TAT-DNA complexes efficiently enter TLR9-containing endosomal compartments (Fig. 2b) . The behavior of the TAT peptide suggests that endosomal access alone is not sufficient for strong IFN induction in pDCs. SAXS measurements show that DNA is organized into a columnar arrangement within TAT-DNA complexes similar to many phases of DNA (and other biological polyelectrolytes) condensed by multivalent cations [20] . TAT-DNA complexes form a columnar hexagonal lattice with parameters a = 2.90 nm, c = 3.50 nm (Figs. 1a and 3d) [21] , which corresponds to a bundle-like complex with close-packed DNA (Fig. 1a ) [1] . Human beta-defensin-3 (HBD3)
is also polycationic and is capable of condensing DNA and reaching TLR9 in endosomes (Fig. 2b) . In contrast to the behavior of the TAT peptide, however, HBD3-DNA complexes induce strong~2200 pg/ml IFN-α production in pDCs, which is~100 × higher than that from TAT-DNA complexes. SAXS measurements (Fig. 1a) show that HBD3-DNA complexes also form a columnar phase. However, the structure is different: The inter-DNA spacing in HBD3-DNA complexes is 3.25 nm, which is significantly larger than the spacing in TAT-DNA complexes. Finally, we examine LL37. LL37 can enter endosomes, access TLR9 receptors (Fig. 2b) , and induce high levels of IFN-α production in pDCs (Fig. 1b) , similar to HBD3-DNA complexes. Like HBD3-DNA complexes, LL37-DNA complexes also have a columnar structure with a relatively large inter-DNA spacing (a = 3.40 nm) (Fig. 3a,b) . These measurements suggest that the inter-DNA spacing in liquid-crystalline columnar DNA complexes may be an important parameter in determining the level of pDC IFN-α production.
To test this basic idea, pDC activation was measured for a variety of DNA complexes with different inter-DNA spacings. The above analysis was repeated with a diverse set of natural and synthetic cationic molecules, including peptides (R9, TAT, polylysine (MW~70,000), hBD3d, NLS, penetratin, HBD3, LL37) as well as non-peptide cationic molecules (hexamine cobalt, tris(ethylenediamine) cobalt, protamine sulfate, PEI750k, and PAMAM dendrimers (G3, G4, G6)) [1] . These cationic molecules condense DNA into ordered columnar complexes with a range of inter-DNA spacings from a HexamineCo = 2π/q HexamineCo = 2.43 nm for hexamine cobalt (III) to a G3 = 2π/q G3 = 4.37 nm for PAMAM dendrimer G3 (Fig. 1b) . An important criterion for pDC activation in these DNA complexes is the inter-DNA spacing. High-resolution synchrotron SAXS can be used to solve the self-assembled structures of these complexes and provide accurate measurements of the inter-DNA spacing. High levels of IFN-α production are induced by complexes with SAXS first peak positions between 1.8 and 2.0 nm −1 corresponding to inter-DNA spacings near a~3.5 nm (Fig. 1b) , whereas complexes with spacings that significantly differ from this value induce weaker responses. Changes in NaCl concentration levels over the range of physiological values present in endosomes can in principle change the inter-DNA spacing slightly. In our measurements, we find that monovalent salt levels did not alter the structures of representative polycation-DNA complexes or their inter-DNA spacings significantly and certainly not to a degree sufficient to change activation profiles [1] . Importantly, DNA complexed with polycations that induce strong IFN production and those that induce weak IFN production can both access endosomes and both colocalize with TLR9 (Fig. 2) . This microscopy result addresses the first of our questions outlined above: the colocalization of noninducing complexes with TLR9 demonstrates that cellular entry and trafficking cannot be solely responsible for their lack of activity. The precise quantitative efficiency of endosomal access may, in principle, modulate the degree of IFN-α production induced by specific polycation-DNA complexes. To address the second of our questions above regarding whether different self-assembled structures can impact how these complexes interact with TLR9 receptors: the correlation of structural results with pDC activation measurements show that the presentation of spatially periodic DNA with spacing comparable to TLR receptor size can dramatically increase pDC IFN-α production. The optimum range of inter-DNA spacing at 3-4 nm spacing is quite suggestive. The low distance cut-off is roughly the steric size of TLR receptors [22] [23] [24] , which defines the distance of closest approach between receptors. The large distance cut-off is consistent with strong electrostatic interactions expected in this system, which allows a 'grill'-like arrangement of parallel anionic DNA to interact with both the inside and the outside surfaces of adjacent cationic TLR9 receptors and thereby 'cross-link' such receptors into a zipper-like ligand-receptor array (Fig. 1c,d) .
A single columnar DNA complex ('DNA bundle') can bind transversely and effectively present a 'vicinal surface', a spatially periodic 'grill'-like array of parallel DNA chains to multiple TLR9 receptors. Because of this, there is potential for multivalent binding effects (Fig. 1d) . The degree of multivalency can be estimated via the measured domain size (Fig. 3a) of DNA ordering, extracted from the measured SAXS peak widths (Fig. 3b-e) . Here it is interesting to consider the statistical mechanics of multivalent ligand-receptor binding. Generally, in systems where ligands are able to form multiple weak bonds with target receptors, one can expect to observe 'superselectivity' (which was originally used to described multivalent interactions for nanoparticles with decorated with DNA) [25] . In these systems, binding increases sharply with receptor concentration [25] . Binding of immune complexes to TLR9 receptors is more complex and depends sensitively on inter-DNA spacing in the self-assembled complex or DNA bundle. The data show a dramatic~100× increase in IFN-⍺ production as the distance between DNA chains in a complex shifts~0.5 nm. These large systems are at present not accessible to all-atom simulations, which necessarily involve LL37, DNA, and TLR9. We therefore developed a coarse-grained computational model. Details of this model are described in Schmidt et al. [1] . A key part of the model is the electrostatic interactions between the anionic DNA and the cationic binding surfaces of TLR9 receptors. The coarse-grained model shows that the binding is strongest for parallel DNA chains with inter-DNA spacings that allow them to fit in with an array of closely packed TLR9 [1] . This arrangement allows 'interdigitation' between TLR9 and the periodic DNA array, where multiple receptors and ligands interlock in an alternating manner. Such optimal ordered structures can recruit and bind many TLR9 molecules and trigger an orders-of-magnitude stronger pDC response than mismatched structures with larger and smaller inter-DNA spacings [1] .
The simplified quantitative model presented in Schmidt et al. [1] strongly suggests that electrostatic self-assembly between DNA and polycations can result in a 'clustering' of immune ligands. This clustering drives a significant amplification of the number of active TLR9 receptors. It is interesting to compare these results to recent work on amplification via synapse-like receptor clustering [26] . In the present work, IFN production is amplified when ligands rather than receptors cluster at the right spacing to recruit and bind with TLRs. Importantly, TLR9 activation depends on both the inter-DNA spacing and the number of DNA ligands in the complex since both factors contribute to electrostatics, multivalency, and thereby binding amplification. (We note that the above effects can operate in conjunction with other processes such as protection from enzymatic degradation, receptor cooperativity and clustering, and downstream consequences of active TLR9 receptors. For example, the addition of receptor clustering effects will further enhance the selectivity/amplification.) However, now that we have a model for this type of TLR driven pDC activation, it suggests that some of the polyelectrolyte physics developed in the last few decades, which are not usually associated with immunology literature, may be relevant to the process. Here, we will selectively review some of these effects.
The statistical mechanics of multivalent interactions and superselectivity
The adaptive immune system employs antibodies that bind to very specific motifs on infectious agents, marking them for destruction. However, molecular recognition in the innate immune system is more primitive, with non-specific recognition of a variety of ligands that have similar structural and physiochemical character. In molecular and cell biology, there is a common notion that there is a kind of dichotomy between specific and non-specific interactions. We think of the failure of molecular recognition in terms of specific interactions becoming non-specific. Recent work, including our work here, show examples of the opposite, where non-specific interactions of PAMPs (such as dsDNA) with the innate immune system can actually be organized into amplified, specific interactions, with consequences for autoimmune disorders and targeted drug delivery.
Ligand-receptor signaling is a cornerstone of molecular biology. Cells and tissues communicate by sending and receiving messages in the form of proteins, small molecules, and nucleic acids. When engaging stochastic cellular phenomena like signaling, the first sensible step is to describe such interactions as a single ligand binding to a single receptor, triggering downstream activation of other signaling molecules. There are many examples where multivalent interactions are required in order to obtain a cellular response. These are interactions in which multiple ligands of one object bind to multiple receptors of another. There are many examples of this behavior in the immune system, where it is important to discern signal from noise. Multivalent antigens can crosslink multiple IgM receptors at once on the surface of B cells, leading to a T-cell independent activation of the immune system [27] . Multivalent antigen-receptor interactions by multivalent CD40 ligands can also trigger B cell activation and immunoglobulin synthesis [28] . Another example of multivalent interactions includes the binding of hyaluronic acid (HA) to CD44 receptors on the surfaces of cells, mediating cell adhesion to the extracellular matrix [29] . Lesley et al. found that an increase in the oligomer size of HA led to a concomitant superlinear increase in avidity of CD44 binding. Interestingly, proliferation of the HA-rich pericellular matrix has been associated with amplification of CD44 signaling in inflammation [30] and tumor formation [31] . Thus, the HA-CD44 interaction has become an important target for the development of anti-cancer drugs. Cancer-targeting nanoparticles coated with multiple ligands also take advantage of superselectivity by inducing multivalent interactions with rogue cells that express a higher density of a particular receptor relative to normal cells [32] . In the context here, we have found that a self-assembled LL37-DNA complex can cross-link multiple TLR9 receptors within the endosomes of pDCs, leading to receptor recruitment and amplification of the immune response [1] . These examples highlight the importance of multivalent ligand-receptor signaling in normal and abnormal physiology, and in the treatment of disease.
The statistical mechanics of multivalent ligand-receptor interactions has been recently examined experimentally, theoretically, and computationally, and it leads naturally to the concept of superselectivity. Superselectivity is defined by a superlinear (steeper than linear) relationship between the surface density of receptor sites and the surface density of bound ligands. This under-appreciated aspect of multivalent interactions allows a small change in receptor density to drive a large change in the number of bound ligands, in a manner that depends on the degree of multivalency. Using a model system of multivalent 'guest/host' interactions, in which 'host' β-cyclodextrin (β-CD) is grafted onto a hyaluronic acid polymer backbone, and 'guest' ferrocene functionalized on a self-assembled monolayer (SAM) surface, Dubacheva et al. discovered that the amount of bound ferrocene increased faster than linearly with increases in the density of surface binding sites [33] . Interestingly, receptor recruitment and clustering was also observed, which is analogous to the TLR9 work above. In a different experiment, spatiotemporal control over the monomer ordering in a supramolecular polymer was achieved, via the binding of ssDNA to cationic receptors in a multivalent manner. The experimental system is based on 1,3,5-benzenetricarboxamide derivatives (BTA). Supramolecular copolymers are made by assembling two BTA monomer subtypes, neutral and charged. The charged BTA monomers can interact electrostatically and act as receptors. The introduction of ssDNA resulted in the recruitment and binding of receptors within the assembled copolymer. FRET results showed that exposure of ssDNA triggered clustering of the cationic subtypes of BTA receptors via reorganization of the polymer, forming 'islands' of similar receptors in a superselective fashion [34] . In both cases, these model systems are validated using statistical mechanical models. For example, these models predict that a relatively low receptor-ligand binding affinity and a threshold receptor concentration are required for superselectivity. Above the threshold concentration, ligands saturate the receptors very quickly despite each individual interaction being weak. Below the threshold concentration, however, ligands do not bind appreciably to the targets [25] . With this perspective, one can see that what is often called binding specificity (greatly increased binding of one specific component) and binding amplification are in fact related concepts. Superselectivity, a downstream consequence of multivalent interactions, can increase binding specificity, receptor recruitment, and subsequent amplification of downstream responses.
Assuming the size and the shape of the bundles as observed in the experiments, it is possible to predict the amplification of the receptor activation based on a simple coarse-grained theory and statistical mechanics of multivalent binding. The model contains steric and electrostatic interactions between TLR9 receptors and DNA bound in a bundle of a fixed size (a crystallite with 6 × 6 DNA helices of length 20 nm) but with variable DNA-DNA spacing a. As measured in the experiments, we assume that the electrostatic attraction between a negatively charged single DNA molecule and a TLR9 receptor is not sufficiently strong to result in appreciable binding affinity ε. The core assumption of the model is that the electrostatic interactions are amplified by the backbone attraction between the TLR9 receptor and DNA molecules arranged in a grill-like pattern. The effective binding affinity for a bundle interacting with a receptor is then ε ⁎ = ε + 2 U(a), where the backbone attraction contribution U(a) is.
Here σ is the typical width of the TLR9 receptor, B~20k B T (see SI of [1] ) is the magnitude of the electrostatic interaction, and κ -1 =0.8 nm is the Debye screening length at physiological conditions. The backbone attraction depends on the lattice spacing a: at large a, it is negligible, but it increases sharply when the spacing becomes of the order of σ. At very small DNA separations, due to the steric effects, it decreases again. Through our model, the binding affinity -and with it the expected number of bound receptors n B to one DNA bundle -clearly depends on the lattice spacing. A bundle is considered bound to the cell, if there is at least one receptor bound to it. The expected number of bound bundles is related to the free energy F of bundle-receptor binding,
, and the total number of active receptors, N A , is
The free energy F can be obtained from computer simulations and also estimated by a simple Langmuir adsorption theory. It has been shown by Schmidt et al. [1] that the number of bound receptors to a bundle exponentially depends on the binding affinity ε* and through it on the spacing a, while the total activation N A exhibits a much sharper double exponential dependence, which is a basis of the observed superselectivity of the TLR9 activation toward the DNA-DNA spacing in the DNA-peptide bundles.
Electrostatic interactions and formation of condensed polyelectrolyte complexes
Since a number of reviews on electrostatics in soft matter exist in a variety of formats and lengths, we offer only a summary discussion of how DNA forms condensed, orientationally ordered complexes in the presence of cations of various sizes.
DNA and other biological polyelectrolytes (such as F-actin and microtubules) carry uncompensated negative charge. In biologically relevant aqueous conditions, these charges are strongly screened by the dielectric response of water, and by salt solutions. However, this simple picture is incomplete. Counterion entropy can result in surprisingly strong interactions between charged objects in water despite strong screening, via coupling between osmotic and electrostatic interactions. Many experiments have demonstrated that like-charged objects repel because of the osmotic pressure of squeezed counterions, and oppositely charged objects repel because of the entropy gain of counterion release. For example, the free energy gain upon binding between two macroions scales as kT multiplied by the number of counterions released (if one neglects ion hydration effects), which can constitute a large thermodynamic driving force.
Poisson-Boltzmann (PB) theory provides quantitative predictions of ion distribution about charged rods [35] [36] [37] . In this mean field approximation, properties associated with discrete ions are not considered, including correlations between ions or finite ion size. PB predicts that like-charged objects, such as polyelectrolytes, repel in all salt conditions, including multivalent salts. Increasing the valence of the ions increases the screening contribution and weaken repulsion, but does not invert the sign of the repulsive interaction to attraction.
The above prediction is clearly not in agreement with experiments. The condensation of polyelectrolytes by multivalent ions or/and macroions is widely observed in biological and biomedical contexts. Polyelectrolytes chains such as DNA can 'condense' or collapse into a compact phase from solution as the concentration of oppositely charged multivalent ions or macroions increases. Examples include DNA packing in viruses [38, 39] , in bacteria [40, 41] , and in many of the DNA complexes that do not lead to TLR9 activation [1] . From a considerable body of theoretical and computational work, we know why highly charged polyelectrolytes can form aggregates. In physical situations with high surface charge densities or with multivalent ions, the organization and dynamics of condensed ions surrounding the polyelectrolyte are important. A series of pioneering Monte Carlo simulations [42] demonstrated attraction between like-charged DNA. In the last two decades, a large number of theoretical investigations have focused on the physical origins of like-charge attraction [43, 44] , and on the changes induced in the organization of the polyelectrolyte [45, 46] . Correlations between condensed counterions on the polyelectrolyte surface can generate attractions [36, 42, 47, 48] and organize condensed structures of polyelectrolytes. Oosawa [49] showed that correlations between thermal fluctuations of the condensed counterion layers can result in attractions. These ideas have been refined by various groups [50, 51] . At close distances, local fields due to the spatial arrangement of charges on a macroion can lead to patterns of counterion binding [52] [53] [54] . If these ions are ordered, attractions can result as counterions arrange themselves along the surfaces of adjacent macroions in complementary patterns. An elegant picture of interacting Wigner crystals was developed by Rouzina and Bloomfield [55] , Shklovskii [56] , and Lau and Pincus [57] . Recent work in the 'strong coupling' limit [58, 59] , where the counterion charge or surface charge density exceed the range of applicability of Poisson-Boltzmann theories [60] and where correlations between counterions are strong, has predicted the spatial dependence of attractive forces [60] [61] [62] . Using a new analytical Wigner-crystal-based formulation of strong coupling, Šamaj and Trizac [63] were able to eliminate divergences from the virial expansion approach and obtain results on charged plates that agree well with Monte Carlo simulations.
The condensing agent for the DNA polyelectrolyte can be a multivalent macroion like a peptide or protein rather than a simple multivalent cation. Examples include chromosomes [64] [65] [66] [67] [68] and synthetic gene delivery systems based on cationic polymers [21, 69] and dendrimers [20, 70] . The behavior of these condensed DNA phases becomes even richer with increasing complexity in the condensing cations. Lipids are amphiphiles that are structurally quite different from facially amphiphilic antimicrobial peptides considered in this review [1] . DNAcationic lipid complexes have recently received extensive experimental and theoretical scrutiny since they are empirically known to be efficient gene delivery systems [71] [72] [73] [74] [75] [76] [77] [78] [79] [80] . A polymorphism of different self-assembled structures in these DNA-lipid complexes (such as the lamellar, hexagonal, and inverted hexagonal phases) with different transfection efficiencies has been found using synchrotron x-ray scattering [80] [81] [82] . It is interesting to note that other biological polyelectrolytes can participate in similar forms of electrostatic selfassembly. Cytoskeletal polyelectrolytes include F-actin, intermediate filaments, and microtubules. These polyelectrolytes have different effective diameters, surface charge densities, and flexibilities and can interact with oppositely charged cations, or cationic proteins, or cationic amphiphilies to generate a diverse range of structures [83] [84] [85] [86] [87] [88] . A full description of these structures is however beyond the scope of the present review.
Finite-sized DNA bundles and multivalent binding
The degree of multivalent binding between TLR9 receptors and the 'grill' of DNA ligands presented by the DNA complex depend in part on the lateral size of the DNA bundle. It is interesting to examine the size of the assembled complexes. Experiments show one generic feature: the electrostatic complexes always have finite size [89, 90] . This is puzzling since once an attractive interaction sets in, we expect the polyelectrolyte aggregates to grow to macroscopic sizes and phase separate, until the supply of individual polyelectrolytes are depleted [91, 92] . It has been suggested that kinetics may limit the size of these aggregates. In solution, most polyelectrolyte rods in principle meet at an angle with a repulsive interaction and thereby slow down the growth kinetics and result in bundles of finite size that are not thermodynamically stable [93] . Finite-sized bundles at equilibrium may occur if steric effects from the finite size of counterion prevent the bundle from reaching charge neutrality [94] . Likewise, frustration inherent in the bundle structure may cost an energy penalty [94, 95] . Computer simulations also suggest a tendency toward a finite aggregate size [96, 97] . Recent theoretical work has proposed that finite-sized condensed bundles are a natural consequence of the chirality of the semiflexible polyelectrolytes, which results in elastic strain from polyelectrolyte rod bending and lattice shear increases as the bundle grows [98] .
Outlook
With a small number of outstanding exceptions, physicists and immunologists do not routinely work together. The goal of this expository review is to familiarize the physicist reader with some of the attending basic immunology and hopefully also the immunologist reader with some of the ideas in polyelectrolyte physics and multivalent binding that are in play within this problem, with the hope that the new perspectives gained can impact the development of fundamental biology and therapeutic strategies.
